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STEELS FOR SOUR SERVICE ENVIRONMENTS 
BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] Embodiments of the present disclosure are directed towards steel 
compositions that provide good toughness under corrosive environments. Embodiments also 
relate to protection on the surface of the steel, reducing the permeation of hydrogen. Good 
process control, in terms of the heat treatment working window and resistance to surface 
oxidation at rolling temperature, are further provided. 

Description of the Related Art 

[0002] The insertion of hydrogen into metals has been extensively investigated 
with relation to energy storage, as well as the degradation of transition metals, such as 
spalling, hydrogen embrittlement, cracking and corrosion. The hydrogen concentration in 
metals, such as steels, may be influenced by the corrosion rate of the steel, the protectiveness 
of corrosive films formed on the steel, and the diffusivity of the hydrogen through the steel. 
Hydrogen mobility inside the steel is further influenced by microstructure, including the type 
and quantity of precipitates, grain borders, and dislocation density. Thus, the amount of 
absorbed hydrogen not only depends on the hydrogen-microstructure interaction but also on 
the protectiveness of the corrosion products formed. 

[0003] Hydrogen absorption may also be enhanced in the presence of absorbed 
catalytic poison species, such as hydrogen sulfide (H2S). While this phenomenon is not well 
understood, it is of significance for High Strength Low Alloy Steels (HSLAs) used in oil 
extraction. The combination of high strength in the steels and large quantities of hydrogen in 
H 2 S environments can lead to catastrophic failures of these steels. 

[0004] From the forgoing, then, there is a continued need for steel compositions 
which provide improved resistance to corrosion in aggressive environments, such as those 
containing H 2 S. 
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SUMMARY OF THE INVENTION 

[0005] Embodiments of the present application are directed towards steel 
compositions that provide improved properties under corrosive environments. Embodiments 
also relate to protection on the surface of the steel, reducing the permeation of hydrogen. 
Good process control, in terms of heat treatment working window and resistance to surface 
oxidation at rolling temperature, are further provided. 

[0006] In one embodiment, the present disclosure provides a steel composition 
comprising: 

carbon (C) between about 0.2 and 0.3 wt. %; 

manganese (Mn) between about 0.1 and 1 wt. %; 

silicon (Si) between about 0 and 0.5 wt.%; 

chromium (Cr) between about 0.4 and 1 .5 wt. %; 

molybdenum (Mo) between about 0. 1 and 1 wt. %; 

niobium (No) between about 0 and 0.1 wt. %; 

aluminum (Al) between about 0 and 0.1 wt. %; 

calcium (Ca) between about 0 and 0.01 wt. %; 

boron (B) less than about 100 ppm; 

titanium (Ti) between about 0 and 0.05 wt. %; 

tungsten (W) between about 0.1 and 1.5 wt. %; 

vanadium (V) between about 0 and no mure Lhan aboul 0.05 wL. %; 

copper (Cu) between about 0 and no more than about 0. 1 5 wt. %; 

oxygen (O) less than about 200 ppm; 

nitrogen (N) less than about 0.01 wt. %; 

sulfur (S) less than about 0.003 wt. %; and 

phosphorous (P) less than about 0.015 wt. %; 

where the amounts of the elements are given in wt. % based upon the total weight of the steel 
composition. 

[0007] It will be appreciated that in another embodiment, not all of the elements 
listed above need be present in the steel composition, and other compositions are 
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contemplated which may be utilized for sour service. In one embodiment, such a steel may 
comprise the following composition: 

carbon (C) between about 0.2 and 0.3 wt. %; 

manganese (Mn) between about 0.1 and 1 wL. % 

chromium (Cr) between about 0.4 and 1 .5 wt. %; 

silicon (Si) between about 0.15 and 0.5 wt. %; 

molybdenum (Mo) between about 0.1 and 1 wt. %; 

tungsten (W) between about 0.1 and 1.5 wt. %; 

niobium (Nb) between about 0 and 0.1 wt. %; and 

boron (B) less than about 100 ppm; 
where the amounts of the elements are given in wt. % based upon the total weight of the steel 
composition. 

[0008] In another embodiment, a steel composition is provided comprising carbon 
(C), molybdenum (Mo), chromium (Cr), tungsten (W), niobium (Nb), and boron (B). The 
amount of each of the elements is provided, in wt. % of the total steel composition, such that 
the steel composition satisfies the formula: Mo/10 + Cr/12 + W/25 + Nb/3 + 25*B between 
about 0.05 and 0.39 wt. %. 

[0009] In further embodiments, a method of forming a steel composition is 
provided. The method comprises obtaining at least one of carbon (C), molybdenum (Mo), 
chromium (Cr), tungsten (W). niobium (Nb), boron (B), and combinations thereof. The 
method further comprises selecting an amount of each of the obtained elements such that the 
steel composition satisfies the formula: Mo/10 i Cr/12 I W/25 -I- Nb/3 -i- 25*B between 
about 0.05 and 0.39 wt. %, where the amounts of the elements are given in wt. % based upon 
the total weight of the steel composition. 

[0010] In another embodiment, the sulfur stress corrosion (SSC) resistance of the 
composition is about 720h as determined by testing in accordance with NACE TM0I77, test 
Method A, at stresses of about 85% Specified Minimum Yield Strength (SMYS) for full size 
specimens. 
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[0011] In another embodiment, the steel composition further exhibits a 
substantially linear relationship between mode I sulfide stress corrosion cracking toughness 
(Kissc) and yield strength. 

[0012] In further embodiments, the steel compositions are formed into pipes. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0013] Figure 1 presents mode I sulfide stress corrosion cracking toughness 
(K] SS c) values as a function of yield strength for embodiments of the disclosed steel 
compositions; 

[0014] Figure 2 presents normalized 50% FATT values (the temperature at which 
the fracture surface of a Charpy specimen shows 50% of ductile and 50% brittle area) as a 
function of packet size for embodiments of the disclosed steel compositions, illustrating 
improvements in normalized toughness with packet size refinement; 

[0015] Figure 3 presents normalized Kissc as a function of packet size for 
embodiments of the disclosed compositions; and 

]0016] Figure 4 presents measurements of yield strength as a function of 
tempering temperature for embodiments of the disclosed compositions. 

DETAILED DESCRIPTION OF CERTAIN EMBODIMENTS 
[0017] Embodiments of the disclosure provide steel compositions for sour service 
environments. Properties of interest include, but are not limited to, hardenability, 
microstructure, precipitate geometry, hardness, yield strength, toughness, corrosion 
resistance, sulfide stress corrosion cracking resistance (SSC), the formation of protective 
layers against hydrogen diffusion, and oxidation resistance at high temperature. 

[0018] In certain embodiments, a substantially linear relation between mode I 
sulfide stress corrosion cracking toughness (Kissc) and yield strength (YS) has also been 
discovered for embodiments of the composition having selected microstructural parameters. 
The microstructural parameters may include, but are not limited to, grain refinement, 
martensite packet size, and the shape and distribution of precipitates. 
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[0019] In other embodiments, it has been further discovered that there exists a 
particular relation among the following microstructural parameters which leads to this 
relationship: 

• Average Packet Size, d pa cket, less than about 3 pm. 

• Precipitates having a particle diameter, d p greater than about 70 nm and a shape factor 
greater or equal to about 0.62, as discussed below. 

• Microstructurcs possessing martensite in a volume fraction of higher than about 95 
vol. % on the basis of the total volume of the steel composition. 

[0020] It has been additionally discovered that embodiments of the steel 
compositions possessing these microstructural parameters within the selected ranges may 
also provide additional benefits. For example, the steel compositions may exhibit improved 
corrosion resistance in sour environments and as well as improved process control. 

[0021] In certain embodiments, these improvements are provided by the addition 
or limitation of selected elements, as follows: 

• Addition of tungsten (W) diminishes oxidation of the steel when heated within 
atmospheres typically formed in combustion furnaces used in hot rolling processes. 

• Limitation of maximum copper (Cu) content inhibits the hydrogen permeability of the 
steel through the formation of an adherent corrosion product layer. 

• Oxygen (O) inhibits the formation of oversized inclusions within the steel, providing 
isolated inclusion particles which are less than abouL 50 pm in size. This inhibition of 
inclusions further inhibits the formation of nuclealion sites for hydrogen cracking. 

• Low vanadium (V) content lessens the steepness of the tempering curve (yield 
strength vs. tempering temperature), which improves process control capability. 

[0022] In certain embodiments, steel compositions which comprise W, low Cu, 
and low V and further exhibit the microstructure, packet size, and precipitate shape and size 
discussed above have also been discovered. These compositions are listed below in Table 1, 
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on the basis of wt. % of the total composition, unless otherwise noted. It will be appreciated 
that not every element listed below need be included in every steel composition, and 
therefore, variations including some, but not all, of the listed elements are contemplated. 



Table 1 - Embodiments of steel compositions 
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Carbon (C) 

[0023] Carbon is an element which improves the hardenability of the steel and 
further promotes high strength levels after quenching and tempering. 

[0024] In one embodiment, if the amount of C is less than about 0.15 wt. %, the 
hardenability of the steel becomes too low and strength of the steel cannot be elevated to 
desired levels. On the other hand, if the C content exceeds about 0.40%, quench cracking and 
delayed fracture tend to occur, complicating the manufacture of seamless steel pipes. 
Therefore, in one embodiment, the C content ranges between about 0.20 - 0.30 wt. %. 



Manganese (Mn) 

[0025] Addition of manganese to the steel contributes to deoxidization and 
desulphurization. In one embodiment, Mn may be added in a quantity not less than about 0.1 
wt. % in order to obtain these positive effects. Furthermore, Mn addition also improves 
hardenability and strength. High Mn concentrations, however, promote segregation of 
phosphorous, sulfur, and other tramp/impurity elements which can deteriorate the sulfide 
stress corrosion (SSC) cracking resistance. Thus, in one embodiment, manganese content 
ranges between about 0.10 to 1.00 wt. %. In a preferred embodiment, Mn content ranges 
between about 0.20 to 0.50 wt. %. 
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Chromium (Cr) 

[0026] Addition of chromium to the steel increases strength and tempering 
resistance, as chromium improves hardenability during quenching and forms carbides during 
tempering treatment. For this purpose, greater than about 0.4 wt. % Cr is added, in one 
embodiment. However, in certain embodiments, if Cr is provided in a concentration greater 
than about 1.5 wt. %, its effect is saturated and also the SSC resistance is deteriorated. Thus, 
in one embodiment, Cr is provided in a concentration ranging between about 0.40 to 1 .5 wt. 
%. In a preferred embodiment, Cr is provided in a concentration ranging between about 0.40 
to 1.0wt.%. 

Silicon (Si) 

[0027] Si is an element that is contained within the steel and contributes to 
deoxidation. As Si increases resistance to temper softening of the steel, addition of Si also 
improves the steel's stress corrosion cracking (SSC) resistance. Notably, significantly higher 
Si concentrations may be detrimental to toughness and SSC resistance of the steel, as well as 
promoting the formation of adherent scale. In one embodiment, Si may be added in an 
amount ranging between about 0-0.5 wt. %. In another embodiment, the concentration of Si 
may range between about 0. 1 5 to 0.40 wt. %. 

Molybdenum (Mo) 

[0028] As in the case of Cr, molybdenum increases the hardenability of the steel 
and significantly improves the steel's resistance to temper softening and SSC. In addition, 
Mo also prevents the segregation of phosphorous (P) at grain boundaries. In one 
embodiment, if the Mo content is less than about 0.2 wt. %, its effect is not substantially 
significant. In other embodiments, if the Mo concentration exceeds about 1.5 wt. %, the 
effect of Mo on hardenability and response to tempering saturates and SCC resistance is 
deteriorated. In these cases, the excess Mo precipitates as fine, needle-like particles which 
can serve as crack initiating sites. Accordingly, in one embodiment, the Mo content ranges 
from about 0. 1 0 to 1 .0 wt. %. In a further embodiment, the Mo content ranges between about 
0.3 to 0.8 wt. %. 
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Tungsten (W) 

[0029] The addition of tungsten may increase the strength of steel, as it has a 
positive effect on hardenability and promotes high resistance to tempering softening. These 
positive effects further improve the steel's SSC resistance at a given strength level. In 
addition, W may provide significant improvements in high temperature oxidation resistance. 

[0030] Furthermore, if a decrease of the strength of the steel by high temperature 
tempering is intended to be compensated with only an addition of Mo, the sulfide stress 
corrosion cracking (SSCC) resistance of the steel may deteriorate due to precipitation of 
large, needle-like Mo-carbides. W may have a similar effect as Mo on the temper softening 
resistance, but has the advantage that large carbides of W are more difficult to form, due to 
slower diffusion rate. This effect is due to the fact that the atomic weight of W is about 2 
times greater than that of Mo. 

[0031] At high W contents, the effect of W becomes saturated and segregations 
lead to deterioration of SSC resistance of quenched and tempered (QT) steels. Furthermore, 
the effect of W addition may be substantially insignificant for W concentrations less than 
about 0.2 wt. %. Thus, in one embodiment, the W content ranges between about 0.1-1.5 wt. 
%. In a further embodiment, the W content ranges between about 0.2-0.6 wt. %. 

Boron (B) 

[0032] Small additions of boron to the steel significantly increase hardenability. 
Additionally, the SSC cracking resistance of heavy-walled, QT pipes is improved by B 
addition. In one embodiment, in order to provide hardenability improvements, but 
substantially avoid detrimental effects, B addition is kept less than about 100 ppm. In other 
embodiment, about 10-30 ppm of B is present within the steel composition. 

Aluminum (Ai) 

[0033] Aluminum contributes to deoxidation and further improves the toughness 
and sulfide stress cracking resistance of the steel. Al reacts with nitrogen (N) to form A1N 
precipitates which inhibit austenite grain growth during heat treatment and promote the 
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formation of fine austenite grains. In certain embodiments, the deoxidization and grain 
refinement effects may be substantially insignificant for Al contents less than about 0.005 wt. 
%. Furthermore, if the Al content is excessive, the concentration of non-metallic inclusions 
may increase, resulting in an increase in the frequency of defects and attendant decreases in 
toughness. In one embodiment, the Al content ranges between about 0 to 0.10 wt. %. In 
other embodiments, Al content ranges between about 0.02 to 0.07 wt. %. 

Titanium (Ti) 

[0034] Titanium may be added in an amount which is enough to fix N as TiN. 
Beneficially, in the case of boron containing steels, BN formation may be avoided. This 
allows B to exist as solute in the steel, providing improvements in steel hardenability. 

[0035] Solute Ti in the steel, such as Ti in excess of that used to form TiN, 
extends the non-recrystallization domain of the steel up to high deformation temperatures. 
For direct quenched steels, solute Ti also precipitates finely during tempering and improves 
the resistance of the steel to temper softening. 

[0036] As the affinity of N with Ti in the steel is very large, if all M content is to 
be fixed to TiN, both N and Ti contents should satisfy Equation 1, where the amounts of the 
elements are given in wt. % based upon the total weight of the steel composition: 

Ti wt. % > (48/14)* N wt. % (Eq. 1) 

[0037] In one embodiment, the Ti content ranges between about 0.005 wt. % to 
0.05 wL. %. In further embodiments, the Ti content ranges between about 0.01 to 0.03 wt. %. 
Notably, in one embodiment, if the Ti content exceeds about 0.05 wt. %, toughness of the 
steel may be deteriorated. 

Niobium fNb) 

[0038] Solute niobium, similar to solute Ti, precipitates as very fine 
carbonitrides during tempering (Nb-carbonitrides) and increases the resistance of the steel to 
temper softening. This resistance allows the steel to be tempered at higher temperatures. 
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Furthermore, a lower dislocation density is expected together with a higher degree of 
spheroidization of the Nb-carbonitride precipitates for a given strength level, which may 
result in the improvement of SSC resistance. 

[0039] Nb-carbonitrides, which dissolve in the steel during heating at high 
temperature before piercing, scarcely precipitate during rolling. However, Nb-carbonitrides 
precipitate as fine particles during pipe cooling in still air. As the number of the fine Nb- 
carbonitrides particles is relatively high, they inhibit coarsening of grains and prevent 
excessive grain growth during austenitizing before the quenching step. 

[0040] When Nb content is less than about 0.1 wt. %, the various effects as 
mentioned above are significant, whereas when the Nb content is more than about 0.1 wt. % 
both hot ductility and toughness of the steel deteriorates. Accordingly, in one embodiment, 
the Nb content ranges between about 0 Lo 0.10 wl. %. In other embodiments, the Nb content 
ranges between about 0.02 to 0.06 wt. %. 

Vanadium (V) 

[0041] When present in the steel, Vanadium precipitates in the form of very fine 
particles during tempering, increasing the resistance to temper softening. As a result, V may 
be added to facilitate attainment of high strength levels in seamless pipes, even at tempering 
temperatures higher than about 650°C. These high strength levels are desirable to improve 
the SSC cracking resistance of ultra-high strength steel pipes. Steel containing vanadium 
contents above about 0.1 wt. % exhibit a very steep tempering curve, reducing control over 
the steelmaking process. In order to increase the working window/process control of the 
steel, the V content is limited up to about 0.05 wt. %. 

Nitrogen (N) 

[0042] As the nitrogen content of the steel is reduced, the toughness and SSC 
cracking resistance are improved. In one embodiment, the N content is limited to not more 
than about 0.01 wt. %. 
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Phosphorous (P) and Suifur (S) 

[0043] The concentration of phosphorous and sulfur in the steel are maintained at 
low levels, as both P and S may promote SSCC. 

[0044] P is an element generally found in steel and may be detrimental to 
toughness and SSC-resistance of the steel because of segregation at grain boundaries. Thus, 
in one embodiment, the P content is limited to not more than about 0.025 wt. %. In a further 
embodiment, the P content is limited to not more than about 0.015 wt. %. In order to improve 
SSC-cracking resistance, especially in the case of direct quenched steel, the P content is less 
than or equal to about 0.010 wt. %. 

[0045] In one embodiment, S is limited to about 0.005 wt. % or less in order to 
avoid the formation of inclusions which are harmful to toughness and SSC resistance of the 
steel. In particular, for high SSC cracking resistance of Q&T steels manufactured by direct 
quenching, in one embodiment, S is limited to less than or equal to about 0.005 wt. % and P 
is limited to about less than or equal to about 0.010 wt. %. 

Calcium (Ca) 

[0046] Calcium combines with S to form sulfides and makes round the shape of 
inclusions, improving SSC-cracking resistance of steels. However, if the deoxidization of the 
steel is insufficient, the SSCC resistance of the steel can deteriorate. If the Ca content is less 
than about 0.001 wt. % the effect of the Ca is substantially insignificant. On the other hand, 
excessive amounts of Ca can cause surface defects on manufactured steel articles and lower 
toughness and corrosion resistance of the steel. In one embodiment, when Ca is added to the 
steel, its content ranges from about 0.001 to 0.01 wt. %. In further embodiments, Ca content 
is less than about 0.005 wt. %. 

Oxygen (O) 

[0047] Oxygen is generally present in steel as an impurity and can deteriorate 
toughness and SSCC resistance of QT steels. In one embodiment, the oxygen content is less 
than about 200 ppm. 
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Co pper fCu) 

[0048] Reducing the amount of copper present in the steel inhibits the 
permeability of the steel to hydrogen by the forming an adherent corrosion product layer. In 
one embodiment, the copper content is less than about 0.15 wt. %. In further embodiments, 
the Cu content is less than about 0.08 wt. %. 

Examples 

Guideline formula 

[0049] An empirical formula has been developed for guiding the development of 
embodiments of the steel composition for sour service. Compositions may be identified 
according to Equation 2 in order to provide particular benefits to one or more of the 
properties identified above. Furthermore, compositions may be identified according to 
Equation 2 which possess yield strengths within the range of about 120-140 ksi 
(approximately 827-965 MPa). 

Min < Mo/ 1 0 + Cr/ 1 2 + W/25 + Nb/3 + 25*B < Max (Eq . 2) 

where the amounts of the elements are given in wt. % based upon the total weight of the steel 
composition. 

[0050] To determine whether a composition is formulated in accordance with 
Equation 2. the amounts of the various elements of the composition are entered into Equation 
2, in weight %, and an output of Equation 2 is calculated. Compositions which produce an 
output of Equation 2 which fall within the minimum and maximum range are determined to 
be in accordance with Equation 2. In one embodiment, the minimum and maximum values 
of Equation 2 vary between about 0.05-0.39 wt. %, respectively. In another embodiment, the 
minimum and maximum values of Equation 2 vary between about 0.10-0.26 wt. %, 
respectively. 

[0051] Sample steel compositions in accordance with Equation 2 were 
manufactured at laboratory and industrial scales in order to investigate the influence of 
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different elements and the performance of each steel chemical composition under mildly sour 
conditions targeting a yield strength between about 120-140 ksi. 

[0052] As will be discussed in the examples below, through a proper selection of 
chemical composition and heat treatment conditions, high strength steels with good SSC 
resistance can be achieved. 

[00531 Combinations of Mo, B, Cr and W are utilized to ensure high steel 
hardenability. Furthermore, combinations of Mo, Cr, Nb and W are utilized lo develop 
adequate resistance to softening during tempering and to obtain adequate microstructure and 
precipitation features, which improve SSC resistance at high strength levels. 

[0054] It may be understood that these examples are provided to further illustrate 
embodiments of the disclosed compositions and should in no way be construed to limit the 
embodiments of the present disclosure. 

[00551 Table 2 illustrates three compositions formulated according to Equation 2, 
a low Mn-Cr variant, a V variant, and a high Nb variant (discussed in greater detail below in 
Example 3 as Samples 14, 15, and 16). The amounts of the elements are given in wt. % 
based upon the total weight of the steel composition, unless otherwise noted. 



Table 2 - Steel compositions in accordance with Equation 2 



Sample 


C 


Mn 


Cr 


Mo 


Nb 


V 


W 


Other 


Base Composition 
(Sample 13C) 


0.25 


0.41 


0.98 


0.71 


0.024 






Ti, B, Al, Si 


Low Mn-Cr Variant 
(Sample 14) 


0.25 


0.26 


0.5 


0.74 


0.023 






Ti, B, Al, Si 


V Variant 
(Sample 1 5) 


0.25 


0.19 


0.5 


0.74 


0.022 


0.15 




Ti, B, At, Si 


High Nb Variant 
(Sample 1 6) 


0.24 


0.2 


0.51 


0.73 


0.053 






Ti, B, Al, Si 


\V Variant 
(Sample 17) 


0.25 


0.2 


0.53 


0.73 


0.031 


0.031 


0.021 


Ti, B, Al, Si 



[0056] In order to compare the toughness of QT steels having different strength 
levels, a normalized 50% FATT (fracture appearance transition temperature), referred to a 
selected Yield Strength value, was calculated according to Equation 3. Equation 3 is 
empirically derived from experimental data of FATT vs. YS. 
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AFA7T = OSC/MPa (Eq. 3) 
AYS 



[0057] In brief, yield strength and 50% FATT were measured for each sample and 
Equation 3 was employed to normalize the 50% FATT values to a selected value of Yield 
Strength, in one embodiment, about 122 ksi. Advantageously, this normalization 
substantially removes property variations due to yield strength, allowing analysis of other 
factors which play a role on the results. 

[0058] Similarly, in order to compare measured Kissc values of steels with 
different yield strength levels, normalized K t ssc values were calculated according to Equation 
4, empirically derived from experimental data of AKisscvs. AYS. 

^^ = -0.043 W 0 5 (Eq.4) 
AYS 

In one embodiment, the K JS cc values were normalized to about 122 ksi. 

[0059] Both the normalized 50% FATT and normalized Kissc values of 
embodiments of the composition were found to be related to the inverse square root of the 
packet size, as illustrated in Figures 2 and 3, respectively. These results show that both 
toughness, as measured by 50% FATT, and SSC resistance, as measured by Kissc, improve 
with packet size refinement. 

[0060] In order to compare the precipitate morphology of Q&T materials, a shape 
factor parameter was measured according to Equation 5: 



Shape Factor = 4tiA/P 2 (Eq. 5) 



where A and P are the area of the particle and the perimeter of the particle, respectively, 
projected onto a plane. In one embodiment, the perimeter may be measured by a 
Transmission Electron Microscope (TEM) equipped with Automatic Image Analysis. The 
shape factor is equal to about 1 for round particles and is lower Lhan about 1 for elongated 
ones 
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Stress corrosion resistance 

[0061] Resistance to stress corrosion was examined according to NACE TM 
0177-96 Method A (constant load). The results are illustrated below in Table 3. An 
improvement in SSC resistance was observed when precipitates wiLh size greater than about 
70 nm, such as cementite, possessed a shape factor greater than or equal to about 0.62. 

Table 3 — SSC resistance of and shape factor of steel compositions having 



precipitates of d n > 70 nm 



Sample 


Shape factor of 
precipitates with 
d p >70 nm 


YS (0.2% offset) 


Time to rupture** 


MPa 


Ksi 


(hours) 


Base composition 
(Sample 13C) 
(900/650)* 


0.64 


849 


123.2 


>720 


>720 


High Nb variant 
(Sample 16) 
(900/650)* 


0.70 


870 


126.2 


>720 


>720 


V variant 
(Sample 15) 
(900/690)* 


0.79 


846 


122.8 


>720 


>720 



* Austenitization and tempering temperatures, respectively, are shown in parentheses. 
** about 85% SMYS load 



[0062] From these data and further optical microscopy, scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), orientation imaging 
microscopy (OiM), and combinations thereof, it was discovered that the following 
microstructure and precipitation parameters are beneficial. 

• Average packet size of the steel, d pac k et , less than about 3 urn. 
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• Precipitates with particle diameter, d p , greater than about 70 nm possessing a shape 
factor equal to or greater than about 0.62. 

Control of Thermal Treatment 

[0063] Case of the control of thermal treatment (process control) was quantified 
by evaluation of the slope of the yield strength versus tempering temperature behavior. 
Representative measurements are illustrated in Table 4 and Figure 4. 

Table 4 - Slope of Yield Strength vs. Tempering Temperature measurements 



Steel Composition 


AYS 




AT 


Base composition (Sample 1 3C) 


- 6 MPa/°C 


Low Mn-Cr Variant (Sample 1 4) 


- 4 MPa/°C 


V Variant (Sample 15) 


- 12 MPa/°C 


High Nb Variant (Sample 16) 


- 6.7 MPa/°C 



[0064] According to Table 4, vanadium content produces a high slope in the yield 
stress-temperature curve, indicating that it is difficult to reach a good process control in 
vanadium containing steel compositions. 

[0065] The steei composition with low V content (Mn-Cr variant) provides 
tempering curve which is less steep than other compositions examined, indicating improved 
process control capability, while also achieving high yield strength. 

Examp le 1 

Influence of Copper content on the formation of a protective layer against hydrogen uptake 
[0066] a) Materials 

[0067] Chemical compositions of certain embodiments of the steel composition 
are depicted in fable 5. Four types of medium carbon (about 0.22-0.26 wt. %) steels with Ti, 
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Nb, V, additions, among others, were examined. The compositions differ mainly in copper 
and molybdenum additions and the amounts of the elements are given in wt. % based upon 
the total weight of the steel composition, unless otherwise noted. 



Table 



Sample 


C 


Cr 


Mo 


Mn 


Si 


P 


S 


Cu 


Other 


1 


0.25 


0.93 


0.45 


0.43 


0.31 


0.007 


0.006 


0.02 


Ti, Nb, B 


2 


0.27 


1.00 


0.48 


0.57 


0.24 


0.009 


0.002 


0.14 


Ti, Nb, B 




0.22- 


0.96- 


. 0.66- 


0.38- 


0.19- 


0.006- 




0.04- 




3 


0.23 


0.97 


0.73 


0.42 


0.21 


0.009 


0.001 


0.05 


Ti, Nb, B 




0.24- 


0.90- 


0.67- 




0.22- 


0.011- 


0.001- 


0.15- 




4 


0.26 


0.95 


0.69 


0.50 


0.30 


0.017 


0.002 


0.17 


Ti, Nb, B 






1.00- 


0.70- 


0.31- 












5 


0.25 


1.02 


0.71 


0.32 


0.21 






0.09 


Ti, Nb, V,B 



Sample 1 0.02Cu - 0.45Mo; low Cu, low Mo 

Sample 2 0.1 4Cu - 0.48Mo; high Cu; low Mo 

Sample 3 0.04Cu - OJOMo; low Cu; high Mo 

Sample 4 0. 1 6Cu - O.68M0; high Cu, high Mo 



[0068] b) Micro structure and corrosion product characterization 

[0069] The microstructures of samples 1-4 were examined through scanning 

electron microscopy (SEM) and X-Ray diffraction at varying levels of pH. The results of 

these observations are discussed below. 



pH2.7, SEM observations 

• Two layers of corrosion products were generally observed. One layer observed near 
the steel surface was denoted the internal layer, and another layer observed on the top 
of the internal layer was denoted the external layer. 

• The internal layer was rich in alloying elements and comprised non- stoichometrically 
alloyed FeS, [(Fe, Mo, Cr, Mn, Cu, Ni, Na)z(S,0)x], 

• The external layer comprised sulfide crystals with polygonal morphologies; Fe+S or 
Fe+S+O. 
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• It was further observed that the higher the Cu content present in the steel, the lower 
the S:0 ratio and the lower the adherence of the corrosion products. 

• The sulfide compounds formed were not highly protective. 

pH 2. 7, X-Ray observations 

• The internal layer was identified by X-Ray analysis as mackinawite (tetragonal FeS) 

• Approaching the steel surface, a higher fraction of tetragonal FcS was observed. 

• The lower the S:0 ratio that is present in the sulfide corrosion product, the higher the 
Cu content in the steel, and the higher the fraction of cubic FeS. Cubic FeS was 
related to higher corrosion rates. 

pH 4.3, X-Ray obsei-vations 
« Only mackinawite adherent layer was observed. The external cubic sulfide crystals 
were not observed. 

[0070] c) Hydrogen permeation 

• As the Cu concentration increased in the steel, the S:0 ratio in mackinawite layer 
was reduced, making the layer more porous. 

• The H subsurface concentration also increased as a result. 

[0071] d) Weight loss 

Weight loss was observed at about pH 2.7 and 4.3 in the steels. 
[0072] e) Preliminary Conclusions 

• Internal and external corrosion products of mackinawite and cubic FeS, 
respectively were formed. 

• The internal layer of mackinawite was first formed from solid state reaction, 
resulting in the presence of steel alloying elements in this layer. 

• Fe(II) was transported through the mackinawite layer and reprecipitated as 
tetragonal and cubic FeS. 
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• In more aggressive environments, such as pH 2.7, cubic sulfide precipitates. 

• Higher Cu concentrations resulted in a more permeable mackinawite layer, 
resulting in increased H uptake. 

[0073] Thus, it has been determined that there are least two factors which drive 
the increased corrosion observed with increased Cu (lower S:0): (a) the low adherence of the 
corrosion product which resulted in a relatively poor corrosion layer barrier to further 
corrosion and (b) the increase in porosity in the mackinawite, which allowed an increase in 
the subsurface H concentration. 



[0074] f) Mechanical characterization — sulfide stress cracking resistance 
• For a given yield strength and microstructure, steels with low Cu content 
exhibited a higher corrosion resistance, K ISS c, due to the formation of an adherent 
corrosion product layer that reduced hydrogen subsurface concentration. 



Example 2 - Influence of W content on high temperature oxidation resistance 

[0075] Grain growth, tempering resistance, cementite shape factor, oxidation 
resistance, and corrosion resistance were examined in samples 6C-9, outlined below in 
Table 6. where the amounts of the elements are given in wt. % based upon the total weight of 
the steel composition, unless otherwise noted. 

[0076] a) Materials: 



Table 6 - Compositions investigated in Exam 



pie 2 



Sample 


C 


Mn 


Si 


Ni 


Cr 


Mo 


W 


Cu 


P 

(ppm) 


Al 


Ti 


6C 


0.24 


1.50 


0.23 


0.12 


0.26 


0.10 




0.12 




0.020 


0.020 


7 


0.24 


1.45 


0.22 


0.09 


0.31 


0.03 




0.34 




0.017 


0.017 


8 


0.23 


1.44 


0.24 


0.10 


0.27 


0.03 


0.20 


0.12 


95 


0.026 


0.018 


9 


0.24 


1.42 


0.26 


0.11 


0.28 


0.02 


0.40 


0.13 


100 


0.028 


0.018 



-19- 



WO 2009/044297 



PCT/IB2008/003710 



Sample 6C 
Sample 7 
Sample 8 
Sample 9 



Baseline composition 

Baseline composition with lower Mo 

Baseline composition with 0.2 wt. % W replacing Mo 

Baseline composition with 0.4 wt. % W replacing Mo 



[0077] b) Grain Growth (SEM) 

• Substantially no differences were detected in the grain size after austenitization 
within the temperature range of about 920-1050 °C, indicating that grain size is 
substantially independent of W content. 

(0078] c) Tempering Resistance 

• Substantially no effect on tempering resistance, measured in terms of hardness 
evolution as a function of tempering temperature, was observed. 

10079] d) Cementite shape factor 

• Substantially no effect was detected on the shape factor of cementite or other 
precipitates which would affect SSC resistance. 

[0080] e) Oxidation resistance 

• An improvement in the oxidation resistance, both in 9% CC>2+18% H20+3% O2 
and 9% C0 2 + 1 8% H2O + 6% O2 atmospheres in the temperature range of about 
1200°C-1 340°C was detected in compositions containing W. 

• Each of Samples 8 and 9 demonstrated less weight gain, and therefore, less 
oxidation, than baseline Sample 6C. 

• W addition decreased the amount of fayalite at equilibrium conditions, and hence, 
oxidation kinetics. It is expected that W addition to the steels should facilitate the 
de-scaling process, retarding the formation of fayalite. 

[0081] f) Corrosion resistance 

• W addition may provide corrosion resistance. 
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• Both of Samples 8 and 9 demonstrated improved resistance to pitting corrosion 
compared with Sample 6C. 

Example 3 - Microstructure and mechanical characterization of further steel 
compositions for sour service, 

[0082] Microstructural examination (SEM). hardness, yield strength, toughness as 
a function of packet size, precipitation and K JS sc were examined in Samples 13C-16, outlined 
below in Table 7, where the amounts of the elements are given in wt. % based upon the total 
weight of the steel composition, unless otherwise noted. 

[0083] a) Materials 

Table 7 - Compositions investigated in Example 3 



Sample 


C 


Mn 


Cr 


Mo 


Nb 


V 


W 


Other 


13C 


0.25 


0.41 


0.98 


0.71 


0.024 






Ti, B, AI, Si 


14 


0.25 


0.26 


0.5 


0.74 


0.023 






Ti,B, Al, Si 


15 


0.25 


0.19 


0.5 


0.74 


0.022 


0.15 




Ti, B, AI, Si 


16 


0.24 


0.2 


0.51 


0.73 


0.053 






Ti, B, Al, Si 


17 


0.25 


0.2 


0.53 


0.73 


0.031 


0.031 


0.021 


Ti, B, Al, Si 



Sample 13C Baseline composition 

Sample 14 Composition incorporates a decrease in Mn and Cr 
Sample 1 5 Composition incorporates V to induce high precipitation hardening 
Sample 1 6 Composition incorporates high Nb to induce high precipitation hardening 
Sample 17 Composition incorporating W 

In certain embodiments, samples were subjected to a hot rolling treatment intended to 
simulate industrial processing. 



[0084] b) Microscopy 

• Orientation imaging microscopy was performed to probe the microstructure of the 
quenched steels. 
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• All quenched and tempered compositions exhibited substantially fully martensitic 
microstructures after quenching, with packet sizes ranging between about 2.2 to 
2.8 u.m. 

• Similar packet size may be achieved for different chemical compositions by 
changing the heat treatment process. 

[0085] When the compositions are quenched, martensite is formed inside each 
austenite grain. Inside each grain martensite, packets can be identified by looking to the 
orientation of martensite (similar to forming a subgrain). When neighboring packets have 
very different orientation, they behave similar to a grain boundary, making the propagation of 
a crack more difficult. Thus, these samples demonstrate higher Kissc values and a lower 
Charpy transition temperatures. 

[0086] c) Hardness 

• Higher tempering temperatures were required in order to achieve a given hardness 
in the V variant composition (Sample 15), due to precipitation hardening. 
However, a steeper tempering curve for this composition complicated process 
control (See Table 5). 

[0087] d) Yield strength 

• Steels were heat treated in order to obtain "high" and "low" yield strengths. 

• Limited V content was found to be significant, as V was determined to make the 
steel very sensitive to tempering temperature. 

[0088] e) Toughness vs. packet size 

• 50% FATT increased with packet size. 

• The K ]S sc improved with packet size refinement, in a roughly linear manner 
(Figure 3). 

[0089[ 0 Precipitation (Samples 13C, 15, 16) 
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• Average precipitate size was comparable for the baseline composition (13C) and 
Nb composition (Sample 16), while approximately one half less in the V 
composition (Sample 15), which explains the resistance to tempering and the 
tempering curve slope. 

• Higher values of shape factor were measured in Samples 15 and 16, compared 
with Sample 13C. 

[0090] g) Sulfide stress cracking resistance 

• Kissc values measured in Samples 1 3C, 14, 15, and 16 were plotted against yield 
strength (Figure 1) to examine the relation of these properties. 

» A good correlation was observed between K^sc and yield strength. The higher 
the YS, the lower the Kissc. 

• There appears to be substantially no statistical difference in sulfide stress cracking 
resistance, for a given yield strength, with changes on steel composition. This 
observation appears to be due to the similarities in final microstructure (grain 
refinement, packet size, precipitates shape and distribution). 

• When samples with yield strengths of about 122 to 127 ksi (approximately 841 to 
876 MPa) were loaded to stress levels of about 85% of SMYS, the V and Nb 
compositions survived without failure over about 720 hours. 

Example 4 - Influence of microstructure on hydrogen diffusivity 

[0091] Tempering curves were measured for yield strength and hardness as a 
function of tempering temperature are examined in samples 10C- 12, outlined below in Table 
8, where the amounts of the elements are given in wt. % based upon the total weight of the 
steel composition, unless otherwise noted. Hydrogen permeation was further examined. 



[0092] a) Materials 
Table 8 - Compositions of Example 4 



Villi 1 !,' 


c 


Mn 


Si 


Ni 


Cr 


Mo 


V 


Cu 


Ti 


Nb 


N* 


O* 


S* 


P* 


i OC 


0.22 


0.26 






0.50 


0.75 








0.023 












0.22 


0.26 


0.23 


0.06 


0.10 


0.75 


0.120 


COS 


0.015 


0.04 


45 


17 


20 


80 
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[ 12 


0.22 


0.40 


0.26 


0.03 | 0.98 


0.73 


0.003 


0.05 


0.012 


0.03 


37 


13 


10 


90 



Concentration in ppm 



Sample 10C Baseline composition 
Sample 1 ] Composition high in V 
Sample 12 Composition high in Cr 



[0093] b) Tempering Curve (Samples 10, 1 1) 

• The high V material (Sample 11) exhibited a very steep tempering curve 
(measured as Yield Strength and hardness vs. temperature). 

• The limitation of V content improved the heat treatment process control. 

[0094] c) Hydrogen Permeation (Samples 9, 10, 1 1) 

• For a given yield stress, the H trapping ability was comparable for the three steels. 

• Similarly, for a given yield stress, the reversible H de-trapping ability was 
comparable for the three steels 

[0095] Although the foregoing description has shown, described, and pointed out 
the fundamental novel features of the present teachings, it will be understood that various 
omissions, substitutions, and changes in the form of the detail of the apparatus as illustrated, 
as well as the uses thereof, may be made by those skilled in the art, without departing from 
the scope of the present teachings. Consequently, the scope of the present teachings should 
not be limited to the foregoing discussion, but should be defined by the appended claims. 



-24- 



WO 2009/044297 



PCT/IB2008/003710 



WHAT IS CLAIMED IS: 

1 . A steel composition, comprising: 

carbon (C) between about 0.2 and 0.3 wt. %; 

manganese (Mn) between about 0.1 and I wt. %; 

silicon (Si) between about 0 and 0.5 wt. %; 

chromium (Cr) between about 0.4 and 1.5 wt. %: 

molybdenum (Mo) between about 0. 1 and 1 wt. %; 

niobium (Nb) between about 0 and 0. 1 wt. %; 

aluminum (Al) between about 0 and 0.1 wt. %; 

calcium (Ca) between about 0 and 0.01 wt. %; 

boron (B) less than about 100 ppm; 

titanium (Ti) between about 0 and 0.05 wt. %; 

tungsten (W) between about 0.1 and 1.5 wt. %; 

vanadium (V) between about 0 and no more than about 0.05 wt. %; 

copper (Cu) between about 0 and no more than about 0. 1 5 wt. %; 

oxygen (O) less than about 200 ppm; 

nitrogen (N) less than about 0.01 wt. %; 

sulfur (S) less than about 0.003 wt. %; and 

phosphorous (P) less than about 0.01 5 wt. % 

where the amounts of the elements are given in wt. % based upon the total 
weight of the steel composition.. 

2. The steel composition of Claim 1, wherein the steel composition satisfies the 
equation Mo/1 0 + Cr/1 2 + W/25 + Nb/3 + 25*B between about 0.05 wt. % and 0.39 wt.%. 

3. The steel composition of any of Claims I and 2, wherein the yield stress of the 
steel composition ranges between about 120 to 140 ksi. 

4. The steel composition of any of Claims 1-3, wherein the sulfur stress 
corrosion (SSC) resistance of the composition is about 720h as determined by testing in 
accordance with NACE TM0177, test Method A, at stresses of about 85% Specified 
Minimum Yield Strength (SMYS) for foil size specimens. 

5. The steel composition of any of Claims 1 -4, comprising: 
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carbon (C) between about 0.2 and 0.3 wt. %; 

manganese (Mn) between about 0.2 and 0.5 wt. %; 

silicon (Si) between about 0.15 and 0.4 wt. %; 

chromium (Cr) between about 0.4 and 1 wt. %; 

molybdenum (Mo) between about 0.3 and 0.8 wt. %; 

niobium (Nb) between about 0.02 and 0.06 wt. %; 

aluminum (Al) between about 0.02 and 0.07 wt. %; 

calcium (Ca) between about 0 and 0.01 wt. %; 

boron (B) between about 10 and 30 ppm; 

titanium (Ti) between about 0.1 and 0.03 wt. %; 

tungsten (W) between about 0.2 and 0.6 wt. %; 

vanadium (V) between about 0 and no more than about 0.05 wt. %; 

copper (Cu) between about 0 and no more than about 0.08 wt. %; 

oxygen (O) less than about 200 ppm; 

nitrogen (N) less than about 0.01 wt. %; 

sulfur (S) less than about 0.002 wt. %; and 

phosphorous (P) less than about 0.0 1 0 wt. %. 

6. The steel composition of any of Claims 1-5, wherein the steel is formed into a 

pipe. 

7. A steel composition, comprising: 

carbon (C), molybdenum (Mo), chromium (Cr), tungsten (W), niobium (Nb), 
and boron (B); 

wherein the amount of each of the elements is provided, in wt. % of the total 
steel composition, such that the steel composition satisfies the formula: Mo/10 + 
Cr/12 + W/25 + Nb/3 + 25*B between about 0.05 and 0.39 wt. %. 

8. The steel composition of Claim 7, wherein the steel composition satisfies the 
equation Mo/10 + Cr/12 + W/25 + Nb/3 + 25*B between about 0.10 wt. % and 0.26 wt.%. 

9. The steel composition of any of Claims 7 and 8, wherein the steel composition 
exhibits a substantially linear relationship between mode I sulfide stress corrosion cracking 
toughness (K lsS c) and yield strength. 
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10. The steel composition of any of Claims 7-9, wherein the average packet size, 
dpacket of the steel composition is less than about 3 urn. 

11. The steel composition of any of Claims 7-10, wherein the composition 
possesses precipitates having a particle diameter, d p , greater than about 70 nm and which 
possess an average shape factor of greater than or equal to about 0.62, and wherein the shape 
factor is calculated according to 4Ati/P 2 , where A is area of the particle projection and P is 
the perimeter of the particle projection. 

12. The steel composition of any of Claims 7-11, wherein the microstrueture of 
the steel composition comprises less than about 95 vol. % martensite and less than about 5 
vol. % bainitc, on the basis of the total volume of the steel composition. 

13. The steel composition of Claim 7, comprising: 
carbon (C) between about 0.2 and 0.3 wt. %; 
chromium (Cr) between about 0.4 and 1.5 wt. %; 
molybdenum (Mo) between about 0.1 and 1 wt. %; 
niobium (Nib) between about 0 and 0.1 wt. %; 
boron (B) less than about 100 ppm; 

tungsten (W) between about 0.1 and 1.5 wt. %; 

on the basts of the total weight of the steel composition. 

14. The steel composition of Claim 13, further comprising: 
manganese (Mn) between about 0.1 and 1 wt. %; 
silicon (Si) between about 0 and 0.5 wt. %; 
aluminum (Al) between about 0 and 0.1 wt. %; 
calcium (Ca) between about 0 and 0.01 wt. %; 
titanium (Ti) between about 0 and 0.05 wt. %; 

vanadium (V) between about 0 and no more than about 0.05 wt. %; 
copper (Cu) between about 0 and no more than about 0. 1 5 wt. %; 
oxygen (O) less than about 200 ppm; 
nitrogen (N) less than about 0.01 wt. %; 
sulfur (S) less than about 0.003 wt. %; and 
phosphorous (P) less than about 0.015 wt. %. 
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15. A steel composition, comprising: 

carbon (C) between about 0.2 and 0.3 wt. %; 
manganese (Mn) between about 0.1 and 1 wt. %; 
chromium (Cr) between about 0.4 and 1 .5 wL %; 
silicon (Si) between about 0.1 5 and 0.5 wt. %; 
molybdenum (Mo) between about 0.1 and 3 wt. %; 
tungsten (W) between about 0.1 and 1 .5 wt. %; 
niobium (1Mb) between about 0 and 0.1 wt. %; and 
boron (B) less than about 100 ppm; 

where the amounts of the elements are given in wt. % based upon the tota! 
weight of the steel composition. 

16. The steel composition of Claim 15, further comprising aluminum (Al) up to 
about 0.1 wt. %. 

1 7. The steel composition of any of Claims 1 5 and 3 6, further comprising titanium 
(Ti) up to about 0.05 wt. %. 

18. The steel composition of any of Claims 15-17, further comprising vanadium 
(V) up to about 0.05 wt. %. 

1 9. The steel composition of any of Claims 15-18. further comprising nitrogen (N) 
less than about 0.01 wt. %. 

20. The steel composition of any of Claims 15-19, wherein the resulting steel has 
a yield strength of about 120 to 140 ksi. 

21. The steel composition of any of Claims 15-20, wherein the sulfur stress 
corrosion (SSC) resistance of the composition is about 720h as determined by testing in 
accordance with NACE TM0177, test Method A, at stresses of about 85% Specified 
Minimum Yield Strength (SMYS) for full size specimens. 
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